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• Modern metabolomic approaches that generate more comprehensive phytochemical profiles 30 than were previously available are providing new opportunities for understanding plant-animal 31 interactions. Specifically, we can characterize the phytochemical landscape by asking how many 32 individual compounds affect herbivores and how compounds covary among plants. 33 • Here we use the recent colonization of alfalfa (Medicago sativa) by the Melissa blue butterfly 34 (Lycaeides melissa) to quantify primary and secondary plant metabolites and the performance of 35 caterpillars as affected by both individual compounds and suites of covarying phytochemicals. 36 • We find that survival, development time and adult weight are all associated with variation in a 37 large number of compounds, including biomolecules associated with plant cell function as well 38 as putative anti-herbivore action. The dimensionality of the plant-insect interface is high, with 39 clusters of covarying compounds in many cases encompassing divergent effects on different 40 aspects of caterpillar performance. 41 • Individual compounds with the strongest associations tend to be secondary metabolites, using characteristic relative mass defects (Ekanayaka et al., 2015) . Leaf protein content was 129 quantified with three replicates (~2 mg each) per plant using the Bicinchoninic acid assay (Pierce 130 Biotechnology, Waltham, MA). Before grinding, five dried leaflets from each sample were 131 weighed to the nearest 0.1 mg, scanned, and area was measured using ImageJ (v.1.52a); specific 132 leaf area (SLA) was calculated as leaf area divided by dry mass. Finally, leaf toughness was 133 measured on fresh material in the common garden, at the start of the experiment (mid-July, when 134 leaves were also sampled for chemistry and protein) and at the end of the experiment (mid-135 August), from three leaves per plant at each date, with a penetrometer (Chatillon 516 Series) 136 through the center of the middle leaflet, as in (Harrison et al., 2018) ; the three leaves were 137 selected haphazardly, avoiding the oldest and youngest leaves. The six leaf toughness 138 measurements per plant were averaged for a single toughness measure used in analyses. We chose an approach that reduces the number of independent variables while allowing us to 165 learn something about the correlational structure of the data, specifically unsupervised Among the options in the pipeline, we used positive correlations among variables ("signed" 169 network type), merge cut height at 0.25, and correlations raised to the power of five (which is 170 where the scale free topology index reached a plateau). Through experimentation, we found that 171 our results with LC-MS data were robust to variation in these choices, including the choice of 172 signed or unsigned networks. After an initial round of clustering, we took a remaining 19 173 unassigned compounds and put them through a second round of clustering (although the majority of consequential compounds were identified in the first round). One output of the WGCNA 175 procedure is the first eigenvector from each cluster of compounds, which reduced our number of 176 predictor variables by a factor of ten. The resulting eigenvectors plus protein, SLA (specific leaf 177 area) and leaf toughness were then put through the feature reduction step of lasso regression 178 (Ogutu et al., 2012) , a penalized regression that allows beta coefficients to be constrained to zero 179 (thus excluding variables). We used the cv.glmnet function of the glmnet package (Friedman et 180 al., 2016) (Gelman et al., 1992; Brooks & Gelman, 1998) . For all models, 187 uninformative priors for the regression coefficients were modeled as a normal distribution with a 188 mean of zero and variance of 100 (variance = 1/precision). We quantified our confidence in the Table 1 ), and also in resampling analyses (Supporting Information Fig. S4 ), where a small 253 fraction (never more than 4%) of randomly-generated models exceeded the variance explained of 254 the models reported in Table 1 . 255 Variation among plants in the suites of covarying compounds had large effects on 256 caterpillar performance: for example, the beta coefficient of -2.33 (on the log-odds scale) 257 associated with module 3 corresponds to a reduction in mean survival from 0.58 to 0.12 258 associated with a one unit change in variation associated with that phytochemical module ( Table   259 1; note that in Table 1 (Table 1) and in   286 compound-specific analyses (Fig. 3) . Similarly, the individual compounds in module 3 had 287 negative compound-specific effects on survival (Fig. 3) , and that module had the strongest 288 negative effect on survival in the eigenvector-based analyses in Table 1 be on the scales of probability and days (respectively), and displayed as changes relative to 294 intercepts. For example, a compound with a relatively large effect on survival in Fig. 3 could be 295 associated with a one half percent (0.005) reduction in the probability of survival relative to 296 average survival and while holding other compounds constant.
We also considered potential pairwise interactions among individual compounds, and 298 found few interactions that passed the filter of the penalized regression (Supporting Information   299   Table S2 ), at least relative to the large number of potential interactions. Saponins and alkaloids 300 tended to be overrepresented in the interactions that were detected, and phenolic glycosides were 301 involved in stronger negative interactions relative to other compounds (Fig. S5) . We did not find 302 evidence that more or less variable compounds had differential effects on caterpillars, although 303 there was a trend towards both greater positive and greater negative effects being associated with 304 less variable compounds (Fig. S6) . We saw some variation among classes of compounds in their 305 effects on caterpillars (Fig. 4) . All classes included positive and negative effects, with saponins, 306 alkaloids and phenolic glycosides including some of the stronger negative effects of individual 307 compounds, while lipids and sterols tended towards positive associations with survival and 308 development (Fig. 4) . and a simple outcome from our study could have been that one or a small number of saponins 325 have anti-herbivore properties that reduce fitness of our focal insect. Instead, we find large 326 numbers of compounds with potentially consequential effects on caterpillars (Fig. 3) , and the effects of those compounds were greater than the effects of leaf toughness and specific leaf area 328 (Carmona et al., 2011) .
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The precise identification of specific compounds is perhaps not as important as the result Although most of the individual compounds with strong effects appear to be secondary 337 metabolites (including alkaloids and phenolic glycosides, as well as saponins and peptides), we 338 also find both positive and negative effects associated with variation in certain primary 339 metabolites (Fig. 4) . For example, the larger detrimental effects of individual compounds on 340 caterpillars include phospholipids (Fig. 2) . These could be direct effects if a compound is 341 suboptimal for development, or they could be associated with nutritional imbalance (Behmer, 342 2009), such that too much of one nutrient makes it difficult for caterpillars to consume a 343 balanced diet. It has been suggested that the presentation of unbalanced nutrition can be a kind 344 of anti-herbivore strategy (Berenbaum, 1995) . Although this possibility has not been thoroughly 345 investigated in many systems with full metabolomic profiling, the idea that nutritional imbalance 346 could be as important as direct toxicity suggests that we might update theories of the evolution of 347 plant defense that were built on differential investment into simple categories of plant growth 348 versus defense (Stamp, 2003) . 349 The finding that our specialist herbivore is affected by a wide range of metabolites, seeds were collected to start the common garden used in the present study (Harrison et al., 2018) . 385 The results reported here raise a number of avenues for future exploration, including the Coefficients for survival (a) and development time (b) have been back-transformed from the 562 units of log-odds and log to probability and days to pupation, respectively, and shown as 563 deviations from the mean or intercept value (as in Fig. 3 ). Note that negative effects for 564 development time correspond to fewer days (more rapid development). Validation 0.53 0.59 0.50 For each regression coefficient, numbers in parentheses are 95% credible intervals (the first two numbers) and the probability that the coefficient has the estimated sign (e.g., 0.63 for the m2 survival coefficient of 0.37 indicates a 63% probability that the m2 module has a positive effect on survival). Note that negative coefficients for development time indicate faster caterpillar development (fewer days) associated with variation in a particular compound. Modules (listed in the left column) are only shown if they were included in one of the three regressions following feature selection using lasso regression (see main text for additional details). Empty spaces in the Table appear if a particular module was selected through lasso regression for one or two analyses but not all three (m3, for example, was not selected by lasso regression for development time). Slash marks (/) indicate variables not considered for a particular analysis (e.g., sex, adult weight [mg] and development time [days] were not possible for the survival analysis because they are not observed on dead individuals). Values for "validation" shown in the last row are the correlation between observed and predicted values in cross-validation (Supporting Information Fig. S4 ). The three example compounds shown here (out of the 163 assayed) were among the top five most influential compounds for survival, development time and adult weight: cpd. 9 is a peptide with a negative association with survival, cpd. 94 (another peptide) has a negative association with development time, and cpd. 160 is a phospholipid with a negative association with adult weight. Individual plants in all panels are organized from left to right by decreasing caterpillar survival in the top panel (a). Standard errors are shown for panels b, c, g and h. The units for d-e are compound relative abundance per dry weight of sample; the units for specific leaf area are cm 2 /mg, and grams/newton for leaf toughness. Individual plants Fig. 2 . Illustration of correlational structure among compounds: each node in the network is a compound, and compounds are linked by a line if they are correlated among individual plants at 0.5 or above (links among compounds in modules 12-14 represent weaker correlations, greater than 0.1; see main text for details). Two letter codes within nodes indicate compound classes, as explained in the legend. Colors of nodes correspond to membership in modules as determined by hierarchical cluster analysis; the color key to the 14 modules is shown in the lower left. Not shown are a small number of compounds with weak connections to all other compounds, including two compounds that were not included in any module (shown as module zero in Fig. 3 ). Fig. 3 . Effects of individual compounds on survival, development time and adult weight, as estimated by ridge regression (using binomial, Poisson and Gaussian models, respectively). The strength of effect for each compound is indicated by the horizontal extent of each bar, and compounds are grouped by modules (m1, m2, etc.); the order of compounds along the vertical axis is arbitrary within modules and fixed across columns. Orange colors indicate negative effects on survival, development and weight, while blue colors are positive effects (note that negative effects for development time correspond to fewer days, or more rapid development). The darker shades of orange and blue mark coefficients whose 95% confidence intervals did not overlap zero in 1,000 bootstrap samples. Values for survival and development time have been back-transformed from units on the log-odds and log scales to units of probability and days to pupation, and are shown as changes from the mean or intercept values. For example, a negative (orange) survival coefficient of 0.005 means a one-half percent reduction in average probability of survival associated with variation in a particular compound. The fifteen compounds with the largest coefficients (by absolute value) and bootstrap intervals not overlapping zero are labelled by compound classes (see , interquartile range (box) and 95% confidence intervals (whiskers) surrounded by kernel density envelopes. Sample sizes for each category are shown above the top panel ("Other" includes 1 sugar, 2 pigments and 2 halogenated compounds). Categories are arranged from left to right based on the gradient of median positive to negative effects on survival. Coefficients for survival (a) and development time (b) have been back-transformed from the units of log-odds and log to probability and days to pupation, respectively, and shown as deviations from the mean or intercept value (as in Fig. 3 ). Note that negative effects for development time correspond to fewer days (more rapid development). 
